First generation spaceborne altimetric approaches are not well-suited to generating the few meter level horizontal resolution and decimeter accuracy vertical (range) resolution
on the global scale desired by many in the Earth and planetary science communities. The present paper discusses the major technological impediments to achieving few meter transverse resolutions globally using conventional approaches and offers a feasible conceptual design which utilizes modest power kHz rate lasers, array detectors, photoncounting multi-channel timing receivers, and dual wedge optical scanners with transmitter point-ahead correction.
INTRODUCTION
Over the past two decades, there has been an increasing interest in, and proliferation of, airborne laser altimeters, which measure the roundtrip time of flight of a laser pulse from an aircraft to the surface. High speed optical scanning devices of various types have been used to direct a train of high repetition rate (-10 kHz) laser pulses to an array of points on the ground. Combined with GPS Differential positioning, these instruments routinely provide 3D topographic maps over wide areas with point spacings on the order of a few meters and vertical (range) accuracies on the order of a decimeter. The applications for these devices are numerous and include commercial surveying of populated areas, biomass estimation and forestry management through the measurement of tree canopies and subcanopies, changes in sea and lake levels, the determination of hydrological runoff routes with application to flood control and hazard estimation, and even personal security applications. Sophisticated software packages, tailored to specific applications, can, for example, strip the surface of manmade structures and vegetation, revealing hidden fault lines of interest to geologists and geophysicists. Airborne instruments can provide useful local, and even regional, data, but many in the Earth science community desire comparable data on a global scale.
A small number of laser altimeters have operated in space. Altimeter data from three manned Apollo missions and the 1994 Clementine mission has recently been processed to provide a crude topographical map of the Moon [Smith et al, 1997 ]. In the early 1970's, three of NASA's manned Apollo missions (15, 16, and 17) [Degnan, 1993] , it would likely be a much more difficult challenge in orbits about extraterrestrial bodies.
A second technical problem associated with the longer pulse TOF from orbit is related to "transmitter point-ahead", i.e. the offset between the center of the laser beam at the surface and where the receiver is looking one 2 msec round trip transit time later. For an unscanned system, the offset due to a 3km/sec spacecraft ground velocity is only 6 m (slightly more than one resolution element) in the along-track direction and can be easily accommodated, either by a fixed offset of the transmitter in the positive along-track direction or by a modest increase in the receiver field of view (FOV). In our current example, however, the scanner must complete over half a cycle of its scan within the pulse TOF. Thus, the receiver FOV must be opened up to span the full 0.15 degree separation (766m) between ground tracks in the cross-track dimension while the laser illuminates only a 5m diameter circle within that FOV and defines the ground resolution element being interrogated. This approach greatly increases the solar background noise incident on the detector during local daytime operations relative to the unscanned case and elevates the laser output energy requirements for good discrimination of the signal.
An alternative low noise approach would be to independently steer the transmitter and receiver, and we discuss efficient means of doing this in later sections.
A final concern is the high data rate associated with contiguous mapping. At a nominal altitude of 300 km and a vertical range resolution of 10 cm, one would need to transfer 22 
THE NEED FOR ARRAY DETECTORS
The unrealistically high laser fire rates and scan rates described in the previous section can only be ameliorated by making many spatially resolved measurements within a single pulse. This can be accomplished by replacing the single element detector with a highly pixellated array detector. The ground scene is then imaged by the receiver telescope onto the array such that each pixel records the laser photon returns from a single 5m x 5m resolution element on the planetary surface (along with noise) and inputs them into a separate timing channel. Of course, one must now provide a multi-channel timing receiver with the number of channels equal to the number of pixels, but this can be accomplished within a reasonable volume and weight (< 2.5 kg) for a receiver having on the order of 100 timing channels or less [Beaghler, 2001 ] .
Examplesof high speeddetectorssuitablefor precisemultichannelranginginclude
segmented anode photomultipliers (PMT's) and Avalanche Photodiode Arrays (APD's). Although it is possible to consider both onedimensional (linear) and two-dimensional arrays, we will demonstrate in this section that the second option is the easiest to implement.
The linear array, or "pushbroom", approach has the advantages that it would eliminate the need for an optical scanner and greatly simplify the accommodation of transmitter point ahead. However, we would require 154 linear pixels (and corresponding timing channels)
to cover our nominal 766 m spacing between adjacent ground tracks at Mars with 5 m resolution. Furthermore, efficient illumination demands the use of cylindrical and/or fiber optics to convert the nominally circular laser beam to a more efficient linear strip of light on the ground (766m x 5m in our Mars example).
For effective noise control, the receiver must also be configured to image only the light emanating from the same strip onto the array in order to eliminate any additional background noise from non-illuminated areas.
An alternative pushbroom approach, which eliminates the need for exotic optics, would be to use m laser transmitters with a rectangular M x N array viewing the area illuminated by all of the independent transmitters. Clearly, a square array provides a more efficient overlap with a nominally circular laser beam than a rectangular array. Each transmitter would therefore be pointed to fill the field of view ofa N x N sub-array within the larger M x N rectangular array. Each laser would then fire at a repetition rate equal to the groundvelocitydividedby the linear dimension of the grid projected onto the ground, or vg / NA = 600Hz / N. However, the condition M = m x N -154 would lead to a very large number of independent ranging components including m transmitters and mN 2 detectors, amplifiers, discriminators, and timing channels. For N = 10, one would need 16 transmitters operating at 60 Hz and 1600 detector pixels and timing channels.
The simplest approach, at least conceptually, is to use a single square two-dimensional array and an optical scanner as in Figure 1 . If one assumes an NxN detector array, a single laser pulse can in principle measure the range to N: resolution elements, thereby reducing the laser repetition rate and the number of laser fires required to obtain contiguous global coverage by the same factor. It also relaxes the angular beam divergence requirement on the laser by a factor of N, which in turn reduces the aperture areas of the transmitter telescope and scanner by N 2 with corresponding benefits in overall instrument weight, volume, and prime power usage. Furthermore, for a given spacecraft ground speed, it now takes N times as long for the spacecraft to traverse the receiver FOV in the along track direction, and the required scanner frequency for a contiguous map is therefore reduced by a factor of N.
Assuming a value N = 10 in our Mars example, a single pulse will now interrogate a 50 m x 50 m area on the ground or 100 resolution elements. The laser fire rate can therefore be reduced by two orders of magnitude from 92.4 kHz to less than a kHz (924 Hz), and the scanner frequency can be reduced from 300 Hz (18,000 RPM) to a more manageable 30 Hz (1800 RPM). Furthermore, the required aperture for the transmitting optics and scanner is reduced by two orders of magnitude in area, relative to the single element detector case, due to the relaxed beam divergence enabled by the array detector. At 300 km altitude, a 50 m diameter laser ground spot can be produced from a final transmit aperture approximately 1 cm in diameter assuming a laser operating in its lowest order TEMo0 spatial mode.
Although the reduced scan rate also decreases the "point-ahead" displacement between the transmitter and receiver by a factor of 10, the displacement can still be large (up to -100 m) relative to the new and enlarged 50 m laser spot diameter.
Since enlarging the transmitter spot on the ground to ensure a partial overlap with the array would be grossly inefficient, the transmitter and receiver FOV's must be independently steered so they tightly overlap at all times during the scan. A simple scanner design with "point-ahead" compensation is described in the next section. In spaceapplications, uniformly rotatingdevicesaregenerallyviewedby aerospace engineers asmorereliableandefficientthanothermechanical devices.First of all, they arethe simplestto implement,monitor,andcontrol.Secondly, rotatingscanners tendto be powerefficient since,oncerotating,the force appliedis devotedto simplyovercoming bearingor gear/beltfriction. Alternativescanner types,suchasa programmable two axis mirror, mayoffer greaterflexibility in providing a moreoptimumscanpattern,but they mustbemadelargerto avoidaperturevignetting and must also undergo more complex motions characterized by constant accelerations and decelerations. As a result, they consume more prime power while introducing more mechanical stress, volume, and mass.
DUAL WEDGE SCANNER WITH TRANSMITTER POINT-AHEAD
Rotational scanners include reflective devices, such as spinning mirrors or polygons, as well as transmissive devices, such as spinning optical wedges or holographic elements.
Unfortunately, conservation of total angular momentum dictates that any net angular momentum introduced by the rotating scanner will be balanced by an equal induced angular momentum in the spacecraft, which is clearly undesirable from a spacecraft control standpoint. Thus, optical scanners that impart no net angular momentum are the preferred approach for spacecratt missions, and this can be achieved through the use of counter-rotating optical elements having equal but opposite angular momenta. (1)
where vg is the spacecraft ground velocity in the positive x-direction and co is the angular velocity of the counter-rotating plates. As described in Figure 2 , a single motor can be used to drive both plates via a simple gearing arrangement, which also maintains the relative phase between the two plates indefinitely. Choosing Atp = 90°provides a fairly uniform scan pattern for mapping as illustrated in Figure 3 . The point-ahead effect due to the linear velocity of the spacecraft, Vg, can also be compensated for by introducing an additional small angular displacement, A_v = 2v/c, of the transmitter beam in the forward direction of the spacecraR motion using a prism or mirror at the input to the scanner as in Figure 2 . The effectiveness of these point ahead corrections is illustrated in Figure 3 where the circles represent the transmitted laser beam on the ground and the squares represent the projected images of the detector array. Small variations in the spacecraft altitude above the surface can be caused by slight orbital ellipticity, planetary topography, or gravity variations. In our current Mars example, these will cause a maximum decentering of the transmit and receive FOV's near the ground track on the order of 1 m per % variation in altitude and much smaller variations near the edge of the scan where the ground beam velocity is significantly reduced.
THE CASE FOR PHOTON COUNTING
The GLAS instrument weighs about 300 kg (including two redundant lasers) and is expected to consume approximately 300 W of spacecraft prime power on average. The GLAS laser is the most powerful of the altimetric lasers currently destined for space and produces an average output power of 4 watts (100 mJ @ 40 Hz) at 1064 nm with a wallplug electrical efficiency on the order of 5%. Thus, the transmitter is expected to consume about 80 watts. Frequency doubling of the laser radiation would be expected to reduce overall laser power efficiency to less than 3%. It is therefore reasonable to assume that spacecraft prime power resources will limit the average laser output power to a few watts, at least in the near term. Therefore, for the nominal kHz laser needed for global mapping, the single pulse energy will be restricted to a few mJ per laser fire.
The mean number of signal photoelectrons detected per laser fire by the receiver from a planar Lambertian diffuse reflector which fills the receiver field of view (FOV) is given by the familiar altimeter equation [Stitch, 1972 , Degnan, 2002 . The author has previously provided the theoretical background for a photon counting approach to laser altimetry in which a single photon time-of-flight is used to generate each individual range measurement [Degnan, 2002] . The technique was recently demonstrated on an aircraft using a tiny (8 mm3), low energy (2 laJ), passively Qswitched microchip Nd: YAG laser transmitter operating at multi-kHz rates at altitudes up to 6.7 km [Degnan et al, 2001] . As shown from the raw engineering flight data in Figure 4 , the system successfully recorded returns from buildings, trees (plus underlying terrain), and water surfaces and was even able to perform shallow water bathymetry at depths up to two meters. The data in the figure was taken at mid-day in 2D profiling mode with a quadrant PMT detector, but the system also includes a simple optical wedge scanner, which superimposes a circular scan onto the linear forward motion of the aircraft for generating wide swaths and 3D topographic maps. The mean signal strength per laser fire was on the order of 1 pe or less at 532 nm, and the receiver was designed to provide up to 16 stops per laser fire or 4 per quadrant. The signal was easily extracted from the solar background using post-detection Poisson filtering techniques [Degnan, 2002] .
Let us now return to our Mars example. During local daylight operations, a number of false alarms would be recorded due to solar photons scattered from the surface or intervening atmosphere, but these, on average, would also be shared equally among the The maximum number of solar noise counts per timing channel observed within a range gate, r_, is given by the expression [Degnan, 2002] he-< N°a( A2 re r pToZ +__8
where the first and second terms result from solar scattering off the surface and intervening atmosphere respectively.
Using the values in Table 1 
CONCLUDING REMARKS
We have argued the feasibility of mapping an entire planet from space with few meter horizontal and decimeter vertical resolution using existing technology or reasonable extrapolations thereof Our conceptual design incorporates modest power lasers (few mJ at kHz rate), highly pixellated (10 x 10) array detectors with independent photoncounting timing channels, and a novel dual wedge optical scanner which provides for transmitter point-ahead.
Longevity of the laser is clearly still an issue. However, one advantage of low energy, high repetition rate, laser transmitters is that they can be pumped by diode laser arrays Longevityof the laseris clearly still an issue. However, one advantage of low energy, high repetition rate, laser transmitters is that they can be pumped by diode laser arrays operating in CW mode and passively Q-switched by a saturable absorber. Claims of CW laser diode lifetimes in excess of 50,000 hours (>5 years) are not uncommon and, with adequate derating and redundant transmitters onboard, may actually meet the three year mission (26,000 hrs) life assumed here. High energy lasers, on the other hand, are usually pumped by pulse-pumped diodes. Under this mode of operation, the higher peak currents place more electrical and mechanical stress on the diodes, and one is usually delighted to achieve a lifetime of a few billion shots, a number far short of the almost 100 billion needed for a 3 year Mars mission.
If one uses meter aperture receive optics, it is not practical to install the dual wedge scanner in front of the receiver as in Figure 2 . Instead, a smaller scanner would be inserted in a common transmit/receive path prior to the final magnifying telescope, e.g. after an annular mirror which reflects the receive energy and passes the transmitter beam through the central hole. To prevent the laser from being blocked by a central obscuration, such as the secondary mirror on a Cassegrain telescope, a small diameter pathway on the order of a centimeter could be provided through the secondary. Alternatively, a obscuration-ffee design such as an off-axis parabola could be used [Degnan, 2001 ] . In either case, the wedge angles would be adjusted to compensate for the final magnification in the transmitter and receiver paths so that they create equal conical scans at the output.
Scanner longevity is certainly helped by the use of uniformly rotating components. 
